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A novel analytic model which mainly considers the trapped carrier effect for the pixellated CdZnTe detector is obtained. The 

simulation results indicate that the rise of the photon energy reduces the signal modulation transfer function of the CdZnTe 

crystal (MTFCZT). Obvious decline of the MTFCZT was also found only when the electron mobility-lifetime product (μeτe) 

decreases to the order 10
-5

 cm
2
/V-10

-6
 cm

2
/V. The detailed analysis reveals that the deteriorations of the MTFCZT, which 

resulted from the increase of the photon energy and the decline of the μτ, mainly attribute to the decrease of the interaction 

probability and the aggravation of the carrier trapping effect. Moreover, a 40 × 40 mm
2
 CdZnTe imaging system has been 

established. The comparison of the presampling MTF shows that the simulation result is well consistent with the 

experimental data. 
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1. Introduction 

 

Pixellated CdZnTe detector is one of the most 

promising semiconductor devices for room temperature x- 

and γ-ray imaging detection [1]. In general application, a 

significant improvement has been achieved in CdZnTe 

crystal growth techniques over the past decade [2, 3]. 

However, there still lacks an intrinsic understanding about 

charge transport properties and the induced charge 

distribution under different conditions, let alone their 

influence on the detector imaging performance
 
[4-6]. With 

an aim to evaluate the imaging detector performance, the 

change carrier distribution is often obtained through the 

simulation to help analyse the induced signal distribution. 

With diffusion only, the x ray photon transport and the 

charge carrier transport in CdZnTe detector were modeled 

through the solution of the Poisson’s equation and 

Monte-Carlo N-Particle (MCNPX) code in Alsager’s work 

[7]. M. Beniut and L. A. Hamel presented a Monte Carlo 

algorithm based on Geant4 for the simulation of the charge 

collection behavior of the CdZnTe gamma detector
 
[8]. 

However, these Monte-Carlo simulations are 

time-consuming and most of these models generate large 

amounts of data that must be properly analyzed for the 

evaluation of the detector performance. Thus, there is a 

pressing demand for a more flexible method of the 

CdZnTe imaging performance evaluation. 

In this paper, a novel induced signal model for 

pixellated CdZnTe imaging detector is presented. Based on 

the method of image charges, the analytic expression of 

presampling modulation transfer function (presampling 

MTF) for the detector is obtained. The influences of the 

trapped carriers on the imaging performance of the 

CdZnTe detector are investigated in detail. And the 

comparison between the simulation result and the 

experimental data is presented, indicating that the 

agreement is good. 

 

 

2. Modeling 

 

We considered the geometry of the induced charge 

model for the pixellated CdZnTe detector as shown in Fig. 

1. The normalized coordinate in the Z direction was 

applied, and the origin position is the center of the cathode 

surface while there is a gap of negligible size between 

pixel anodes. When incident photon interacts with the 

CdZnTe crystal, the signal from the pixel electrode builds 

up while the electron and the hole drift towards anode and 

cathode separately. Each kind of free carriers contributes 

to the induced charge until the carriers are trapped or reach 

the electrode. The trapped carriers which are caused by 

poor transport properties induce signal in the 

near-the-incident-center area. This leads to the lateral 

signal spread, which results in the detector performance 

deterioration. 
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Fig. 1. Induced signal model of the CdZnTe pixellated  

detector. 

 

By applying Green’s theorem over the detector 

volume V, the signal charge on the element surface S can 

be expressed as
 
[9] 
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This equation represents the induced charge signal 

caused by the trapped carrier with density ρ throughout the 

volume V. The Green function G (r1, r) represents the 

electrical potential at point r1(x1, y1, z'1= 1) on the anode 

surface. The potential is induced by the charge at point r (x 

= 0, y = 0, 0 < z' <1) in CdZnTe crystal as shown in Fig. 2.  

For general application, we developed a more flexible 

method of potential calculation by firstly considering a 

point charge at random position r 1(x1, y1, z'1) in the 

detector bulk. As shown in Fig. 2, a convenient solution of 

the Green function could be obtained by constructing an 

infinite series of image charges, alternating from the 

positive to the negative, arrayed in the way that the 

potential adds up to zero on the anode surface (zb' = 1). 

Therefore, the Green function solution of random point 

r1(x1, y1, z'1) in the CdZnTe detector is given by 
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It should be noted that the diffusion of carriers is 

negligible when compared with the drift of carriers under 

high voltage
 
[10]. With drift only, all charge carriers would 

travel along a line which corresponds to the applied 

electric field. In the case that the trapped carriers are 

located in a line distribution with the density ρ (z'), the 

corresponding induced signal on the anode (where z'1 = 1) 

has the general solution based on Eq.1 and Eq.2 
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And thus, considers the pitch space is negligible when 

compared with the pixel dimension, the X-axis direction 

line spread function (LSF) on the anode plane could be 

obtained by taking into account the induced charge effect 

which caused by the trapped carrier charges along the 

Z-axis. 

(4)        )(d'd
])'12(''[

)'1(2
        

 )'(
2

1
)(

-k
2/3222

1

0

xQyz
zkyx

zk

zρxL

a
























 






   (4)  

  

The second part Qa refers to the equivalent charge signal 

resulted from untrapped charge carriers during the drift. 

Obviously, the trapped carriers density ρ (z') and the Qa 

should be obtained in normalized coordinate. 

 

 
Fig. 2. Schematic of imaging charge method for the 

 solution of Green function. 

 

 

The concentrations of excess carriers in the CdZnTe 

detector were determined by solving the carrier continuity 

equations under the quasi-neutrality condition. The 

calculation assumed that the diffusion of carriers is 

negligible. The continuity equation for holes is given by 

[11]
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in which p is the density of holes, μh is the hole mobility, E 

is the applied field, and τh is the hole lifetime. Based on 

the boundary condition 
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the solution of Eq.5 for the drifting hole concentration is 
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in which N is the initial carrier concentration at z = 0, and 

μa is the linear attenuation coefficient related to the 

incident photon energy. Thus, the trapped hole 

concentration at location z from the cathode surface is 

equal to 
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Since the calculation of the induced charge on the 

anode becomes too complicated when the initial carrier 

concentration N is incorporated. For simplicity, we 

normalized the initial carrier concentration N with the total 

initial carrier concentration which was uniformly 

distributed in the CdZnTe bulk. Thus the normalized 

trapping hole concentration could be written as  
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in which z'=z/L, N′0 is the total initial carrier concentration 

which assumed uniformly distributed along the CdZnTe 

bulk. L is the CdZnTe crystal thickness. α =1/μaL is the 

normalized absorption depth and λh = μhτhE/L is the 

normalized mean free path of hole. Moreover, similar 

equations were solved for the normalized trapped electron 

concentration n't (z') and the normalized equivalent signal 

charge of the untrapped electron concentration Qa. 
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λe = μeτeE/L is the is the normalized mean free path of 

electron. 

By substituting Eq. 9-11 into Eq. 4, the detector LSF 

is determined. The induced signal modulation transfer 

function of the CdZnTe crystal (MTFCZT) could be 

obtained by taking the modulus of the Fourier transform of 

the LSF(x) and normalizing its value to 1 at zero spatial 

frequency. Thus, the Fourier transform of the LSF(x) is  

 

 (12)      '/d
)sinh(2

)'sinh(2
])'(')'([)(

1 

0 
att Qz

f

fz
z-pzn'-fF   


   (12) 

 

in which f is the normalized spatial frequency. It should 

be noted that the formula 
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was applied from integral tables
 
[12] to simplify the 

expression of Eq. 12. 

Consequently, the MTFCZT is  
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Moreover, the presampling MTF of total imaging 

system, which considering the resolution limitation of the 

pixels, could be obtained by multiplying the MTFCZT and 

the aperture MTF  

 (15)          
)sin(

)( )( CZTgpresamplin
bf

bf
fMTFfMTF




    (15) 

in which b is the pixel size of detector. 

 

3. Experimental 

 

In order to evaluate the reliability of our model, the 

MTF data of practical CdZnTe pixellated detector was 

obtained according to our experimental system as shown 

in Fig. 3. The x ray source is the Eclipse IV (Rh target tube) 

from the Oxford Instruments. The anode voltage, the 

current and the exposure time were 45 kV, 40 μA and 15 

minutes, respectively. The pixellated CdZnTe detector (of 

0.5 cm thickness) is provided by the Orbotech, and the 

pixel size is 0.93×0.93 mm
2
. With the application of a 1.5 

mm-width slit collimator close to the cathode surface, the 

measured LSF data used to calculate the experimental 
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presampling MTF was acquired. To reduce the spatial 

noise influence, the LSF was sampled by averaging 

several LSF profiles. And hence, the presampling MTF of 

the imaging system could be obtained through the Fourier 

transform of the measured LSF data. 

 

 
 

Fig. 3. Experimental set-up of the CdZnTe imaging system. 

 

 

4. Results and discussion 

 

Based on Eq.14, The MTF of the CdZnTe crystal 

response signal (MTFCZT) was simulated firstly with 

different incident photon energies as shown in Fig. 4. The 

photon energy was varied from 10 keV to 200 keV. The 

mobility-lifetime products of electrons and holes were μeτe 

= 5.0×10
-3

 cm
2
/V and μhτh = 2.0×10

-5
 cm

2
/V respectively. 

The electric field we applied was the same as our 

experimental parameter, 2000 V/cm. Fig. 4 clearly 

illustrates that the MTFCZT is deteriorated with the increase 

of photon energy and obviously suffers a steep fall from 

60 keV to 125 keV. The reduction of the MTFCZT may be 

ascribed to the discrepancy of the interaction probability. 

Because that the interaction probability of the low energy 

photon is higher than that of high energy photon in the 

CdZnTe crystal. The probability for 10 keV - 60 keV 

photons is in the range of 90%. This leads to a complete 

charge collection, and hence, a higher MTFCZT. However, 

with a consecutive increase of the incident photon energy, 

the interaction probability rapidly decreases to 21.47 % for 

200 keV photons, which leads to the deterioration of the 

MTFCZT as shown in Fig. 4.  

 
Fig. 4. MTF of the CdZnTe crystal for different incident 

 photon energies. 

 

Another important reason for the MTFCZT 

deterioration is the increase of the trapped hole carriers 

which results in the lateral spread of the induced signal. 

When the irradiated photon is 10 keV, most of the 

interactions occur near the cathode side. Excessive carriers 

are generated near the cathode surface and then traverse 

the CdZnTe crystal. During the carrier drift, the trapping 

effect of electrons is low because of the high mean free 

path and the influence of hole trapping is negligible 

because of the short drift length. Thus, the lateral spread 

induced signal resulted from trapping carriers is unobvious 

and the MTFCZT is relatively high. In the case that the 

incident photon energy is higher, most of the interaction 

positions are relatively deeper. The drastic increase of 

trapped holes, which resulted from the relatively longer 

drift length, leads to a rise of the lateral spread induced 

signal at the anode plane. Consequently, the MTFCZT 

declines with the increase of incident photon energy as 

shown in Fig. 4. 

With the effect of the incident photon energy 

determined, we moved on to study the dependence of the 

MTFCZT on the electron mobility-lifetime product (μeτe). 

As mentioned above, most of the interactions occur near 

the cathode side in the CdZnTe crystal when the irradiated 

photon energy is low. With the μeτe of the order 10
-3

 - 10
-4

 

cm
2
/V in practical CdZnTe crystal is determined, the 

electron transport in CdZnTe, in most cases, is unaffected 

by the carrier trapping. The mean free path of the electron 

is sufficiently high to transport electron carriers through 

the CdZnTe crystal for several mm or cm thick (λe and λh 

can be calculated from the μτ products by using the 

relation λ = μτE, where E is the electric field). And hence 

the decrease of μeτe value in the range of 10
-3

 to 10
-4

 cm
2
/V 

has a very small effect on the induced signal of anode 

surface, let alone the MTFCZT value. However, when the 

μeτe decreases to the order 10
-5

 cm
2
/V, which can be 

compared with the drift mobility-lifetime of hole (μhτh), 

the influence of excessive trapped electrons will be 

unnegligible. 

 

 

Fig. 5. MTF of the CdZnTe crystal with the decrease of 

 μeτe for different photon energies. 

 

As other conditions under which the electric field is 

2000V/cm and the μhτh is 2.0×10
-5

cm
2
/V, remained the 

same in Fig. 4, the MTFCZT were simulated when the μeτe 

altered from 5×10
-3

 cm
2
/V to 0.5×10

-5
 cm

2
/V. Fig. 5 shows 

the comparison plot of the simulated MTFCZT for different 

μeτe values. It can be seen that the induced signal MTF of 
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the CdZnTe crystal, MTFCZT, changes little while the μeτe 

value varies from 5×10
-3

 cm
2
/V to 0.5×10

-3
 cm

2
/V. 

However, when the μeτe decreases to the order 10
-5

 

cm
2
/V-10

-6
 cm

2
/V, both 20 keV and 200 keV energy 

interactions start suffering a rapid reduction in the MTFCZT 

as is analyzed above.  

To have a clear picture of the charge trapping effect in 

the CdZnTe crystal, the trapped carrier concentrations 

were calculated based on Eq. 9 and Eq. 10. Fig. 6 (a) and 

(b) show the trapped electron and hole concentrations with 

increasing incident photon energy, respectively. 

 

(a) The trapped electron concentrations for different photon  

energies, μeτe = 5×10-3 cm2/V. 

 

(b) The trapped electron concentrations for different  

photon energies, μhτh = 2.0×10-5 cm2/V. 

 

Fig. 6. The trapped carrier concentrations with the  

increase of photon energy. 

 

Apparently, the trapped electron concentration deep in 

the CdZnTe crystal rises with the consecutive increase of 

the incident photon energy as shown in Fig. 6 (a). The 

trapped electron concentration declines along the depth of 

the CdZnTe crystal for a changeless photon energy 

condition. However, it should be noted that the trapped 

electron concentration is negligible when compared to the 

trapped hole concentration. The effect of the different 

photon energies on the trapped hole concentration is 

shown in Fig. 6 (b). It can be seen that, with the increase 

of the irradiated energy, the trapped hole concentration 

near the cathode side is lower, while it is higher at the 

anode side. Therefore, we can infer from Fig. 6 (a) and (b) 

that the MTFCZT deterioration, which resulted from the rise 

of the photon energy as shown in Fig. 4, mainly attributes 

to the aggravated trapping effect of the hole carrier deep in 

the CdZnTe crystal. 

 

Fig. 7. Trapped electron concentrations with the decrease  

of the μeτe for different photon energies. 

 

Fig. 7 clearly illustrates the trapped electron 

concentration under different μeτe values for 20 keV and 

200 keV photons. Obviously, the trapped electron 

concentration, which also indicates the probability of 

electron trapping, rapidly increases with the decline of the 

μeτe under both low and high energy conditions. It’s quite 

evident that, when the photon energy is 20 keV, the 

trapped electron decreases exponentially along the depth 

of the CdZnTe crystal. Though μeτe reduces to 1.0 × 10
-4

 

cm
2
/V, which results in a serious trapping effect, the 

distribution of trapped electron concentration is low and 

gradually negligible at the normalized depth z = 0.075. 

However, the trapped electron concentration is uniformly 

distributed along the crystal depth for 200 keV irradiated 

photons and the trapped electron exists for a longer range 

and in a much higher concentration. Thus, this leads to the 

aggravated trapping effect of drifting electrons deep in the 

CdZnTe bulk. Because the mean free path of the electron 

is shorter when the μeτe is lower, more and more electrons 

are trapped during the carrier drift. The serious trapping 

effect of electron reduces the contrast of the detector 

output signal due to the incomplete charge collection, and 

also makes the spatial resolution in decline because of the 

intensified lateral spread of the induced signal as shown in 

Fig. 5.  

Furthermore, the comparison between the simulated 

result and the experimental data was carried out for the 

reliability evaluation of our analytic model. According to 

the measurement system presented in Section 3, the LSF 

image of the slit imaging system is shown in Fig. 8 (a). 

The FWHM of the LSF is approximately 1 mm. Based on 

Eq.15, the simulation result of the system presampling 

MTF is also shown in Fig. 8 (b). The μeτe and the μhτh, 

which applied in the simulation, were 5.0×10
-3

 cm
2
/V and 

2.0×10
-5

 cm
2
/V respectively

 
[13]. The CdZnTe crystal 

thickness L was 5 mm. And the applied high voltage, 

which chosen deliberately in calculation as same as the 

experimental parameter, was 1000 V. As can be seen, a 

reasonable agreement between the simulated result and the 

experimental data could be found in Fig. 8 (b). The 
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simulated presampling MTF is slightly higher than the 

experimental data in the range of spatial frequency f < 0.6 

lpmm
-1

. This is probably caused by the discrepancy of the 

photon energy between the practical value and the energy 

value used in simulation. It should be noted that the Rh-Kα 

line and Rh-Kβ line, which are emitted from the 

polyenergetic x ray source under 45KV voltage, are 20.2 

keV and 22.72 keV respectively. The linear attenuation 

coefficient of the CdZnTe crystal which applied in the 

simulation is 136 cm
-1

 for 20 keV photon energy 

approximately. Just in line with the analysis about Fig. 4, 

the decline of the interaction probability which caused by 

the increase of photon energy leads to incomplete charge 

collection deep in the CdZnTe crystal, and hence, results 

in the deterioration of the imaging performance. 

 

 

(a) Measured LSF image with the Orbotech pixellated  

detector 

 

(b) The comparison of the total system presampling MTF 

 

Fig. 8. Experimental data obtained by the Orbotech  

pixellated detector and the comparison result. 

 

 

5. Conclusion  

 

Based on the image charge method, a novel induced 

signal model which mainly takes into account the carrier 

trapping effect in the pixellated CdZnTe detector is 

presented. The MTFCZT and the trapped carrier 

concentration are investigated in detail. The simulation 

results indicate that the MTFCZT decreases with increasing 

incident photon energy due to the aggravated trapping 

effect of the hole carriers deep in the CdZnTe crystal and 

the decline of the photon interaction probability. It’s also 

been found that the reduction of the μeτe which varies from 

5×10
-3

 cm
2
/V to 0.5×10

-3
 cm

2
/V has small effect on the 

MTFCZT. However, when the μeτe decreases to the order 

10
-5

 cm
2
/V-10

-6
 cm

2
/V, excessive trapped electrons make 

the MTFCZT in decline obviously due to the incomplete 

charge collection and the lateral spread induced signal on 

the anode plane. Moreover, the comparison between the 

simulated presampling MTF and the experimental data is 

accomplished. The result shows that the induced signal 

model is reliable. The optimization of our analytic model 

which considering the diffusion effect under low electric 

field condition is under studied and the further applications 

on the pixellated CdZnTe imaging detector are expected in 

the near future.  
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